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Engineering proteins for environmental applications 
Dick B Janssen and loost P Schanstra 
University of Groningen, Groningen, The Netherlands 
Recently, significant new insight has been obtained into the structure and 
catalytic mechanism of enzymes that convert environmental pollutants. 
Recent advances in protein engineering make it possible to use this 
information for improving the catalytic performance of such enzymes to 
achieve increased stability and expanded substrate range. 
Current Opinion in Biotechnology 1994, 5:253-259 
Introduction 
Biotechnological treatment of waste materials and 
bioremediation of polluted environments i  based on 
the capacity of microorganisms to transform pollutants 
to non-toxic products. These microbial conversions re- 
quire the expression of enzymes that have sufficient 
catalytic activity towards the compounds of interest. 
Many synthetic ompounds are resistant o biodegra- 
dation, however, and persist as pollutants in the envi- 
ronment. The inability of microorganisms to degrade 
these compounds can be regarded as a problem of en- 
zyme specificity and activity. If microorganisms lack a 
complete set of catabolic enzymes for mineralization 
of a particular synthetic ompound via a pathway that 
allows generation of energy for biosynthesis, then that 
compound will remain recalcitrant in the environment. 
Interest in the enzymes catalyzing conversion of syn- 
thetic compounds has burgeoned with the realisation 
that several xenobiotics are ubiquitously present in the 
environment due to their slow rates of biodegradation. 
The recalcitrance to biodegradation of many chlori- 
nated hydrocarbons and other xenobiotics has also 
limited the applicability of biotechnological treatment 
methods. 
This review summarizes recently obtained information 
concerning the structure-function relationships of en- 
zymes that transform xenobiotic compounds. It also 
discusses the prospects for improving enzyme char- 
acteristics, with a view to obtaining more effective 
detoxification catalysts. 
Engineering proteins 
With the advance of protein engineering, it has become 
possible to construct specific mutants of an enzyme on 
the basis of a prediction of the modifications needed to 
modify some specific aspect of enzymatic performance 
[1°,2"]. For proteins that play a role in the detoxifica- 
tion of xenobiotic ompounds, characteristics that one 
would like to modify are catalytic performance (e.g. 
kca t values, K m values, and sensitivity to substrate or 
product inhibition), resistance to reactive compounds 
and products, enzyme stability, and substrate range. 
Protein engineering requires an understanding of the 
effect of modifications of primary sequence on the 
relevant biochemical characteristics of an enzyme [1"]. 
On this basis, the effect of mutations can be predicted 
and the mutants can be constructed by in vitro mu- 
tagenesis. The activity-sequence r lationship is best 
obtained from a three-dimensional structure as deter- 
mined by X-ray crystallography. Even so, only a few 
structures are currently available for enzymes catalyz- 
ing critical steps in xenobiotic ompound egradation 
pathways [3",4",5-7,8"°]. In many cases, mechanistic 
information about enzymes that degrade xenobiotics 
can also be derived from sequence similarities to en- 
zymes of known structure or mechanism [3%9-12]. 
Even without any insight into the structure, mutants 
may be constructed by careful comparison of activities 
and sequences between different enzymes [13,14"]. 
The increasing number of sequences of catabolic genes 
that are becoming available will extend the possibilities 
of this approach. 
Considerable progress has been made in improving en- 
zyme stability at high temperatures and extreme con- 
ditions [2°,15]. Several methods can be used. First, it 
is possible to construct specific mutants on the basis 
of a three-dimensional structure and established sta- 
bilizing principles, such as ~t-helix capping [16] and 
filling internal cavities, although the effect of the lat- 
ter may differ from one enzyme to another [17,18]. 
Second, thermostable mutants can be obtained after 
random mutagenesis by screening methods based on 
increased enzyme stability, as has recently been ac- 
complished with ~-amylase [19]. Third, random mu- 
tagenesis may be followed by selection of stabilized 
enzymes in a thermophilic host organism using con- 
ditions under which increased thermostability confers 
a selectable growth advantage to the host organism. 
This method has recently been used to obtain a ther- 
mostable variant of chloramphenicol acetyltransferase 
[20]. 
Modification of the substrate specificity of degrada- 
tive enzymes by protein engineering has also been 
achieved in a number of cases [21",22,23]. Usually, this 
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is based on the transfer of substrate-binding determi- 
nants from one enzyme to another. By changing the 
binding pockets for peptide side chains, the substrate 
range of trypsin was converted to that of chymotrypsin, 
which cleaves carboxy-terminal of large hydrophobic 
residues instead of basic residues [21"]. In the same 
way, the specificity of yeast alcohol dehydrogenase 
was made more similar to that of mammalian alco- 
hol dehydrogenase, which accepts ubstrates of longer 
chain length, by constructing a larger substrate binding 
site [22]. 
Methods for improving catalytic rates are still being de- 
veloped. Some successes have been achieved [24-26], 
but a general strategy is not yet available. In principle, 
the modifications needed to accelerate the reaction rate 
of an enzyme can be derived from an examination of 
the kinetic mechanism, with identification of the indi- 
vidual kinetic steps that determine the velocity (kca t) 
and affinity (Kin) of an enzyme for its substrate [27]. 
Calculation of the energy profile along the reaction 
pathway for a certain step might indicate residues, 
the modification of which may reduce the transition 
state energy of this step. Molecular dynamics imula- 
tions are essential for the identification of the relevant 
interactions between atoms of the enzyme and the sub- 
strate. These methods require detailed insight into the 
catalytic mechanism [28,29], which is, however, often 
not available for environmentally important enzymes. 
When structural information is lacking, but sequences 
are available, it may be possible to attribute high cat- 
alytic activity for a certain substrate to the presence of 
specific amino acids by comparison of sequences and 
activities of related proteins. This has been achieved 
with a nylon-oligomer hydrolase of a Flavobacterium 
sp. [13] and biphenyl dioxygenase [14°*]. 
The substrate range and catalytic performance of 
catabolic enzymes can also be modified by in vivo 
selection of mutants, if necessary after performing ran- 
dora or semi-random utagenesis. An enzyme with a 
novel substrate range may be selected by growing a 
microorganism on the substrate of interest, either in 
chemostat culture or in batch culture. This method 
was first used for obtaining Pseudomonas aliphatic 
amidase mutants that convert substrates with a longer 
alkyl chain length [30]. The structure of this enzyme is 
not known. Continuous culture selection has led to 
mutants of a Methylophilus amidase with improved 
kinetic constants toward acrylamide [31]. The activity 
of ~-lactamase was modified in a similar way [32]. 
Environmentally important enzymes 
As stated above, the recalcitrance of a xenobiotic om- 
pound is usually a result of its failure to be converted at 
one or more steps in a potentially useful catabolic path- 
way. Such steps may be initial attack on molecules 
that have structures that are very different from nat- 
ural compounds, conversion of chemically reactive 
intermediates (e.g. as epoxides and aldehydes), and 
dehalogenation reactions of inert chlorinated hydro- 
carbons. In various cases, recalcitrance can indeed be 
attributed to a specific enzyme in a pathway that lacks 
the required activity. 
Recently, a number of new structures of enzymes in- 
volved in the metabolism of xenobiotic compounds 
have been solved. These include methane monooxyge- 
nase, haloalkane dehalogenase and cytochrome P450. 
Haloalkane dehalogenase 
Haloalkanes are widely used as solvents, degreasing 
agents, intermediates in chemical synthesis, and pes- 
ticides. The cleavage of the carbon-halogen bonds in 
these compounds is a critical step in their biodegra- 
dation. Cleavage can be mediated by enzymes, such 
as haloalkane dehalogenase or glutathione transferase 
[33,34°], that catalyze direct nucleophilic displacement. 
The best studied dehalogenating enzyme is the halo- 
alkane dehalogenase of Xanthobacter autotrophicus. 
It is a soluble enzyme, 310 amino acids in length, 
that is produced by several facultatively methylotrophic 
bacteria that degrade 1,2-dichloroethane [35]. The de- 
halogenase catalyzes the nucleophilic displacement of
halogens from alkylhalides. Haloethers, haloalcohols 
and halonitriles are also substrates, but the affinity of 
the enzyme for these compounds is low. 
The structure and the mechanism of catalysis have 
recently been investigated by X-ray crystallography 
[7,36"°]. Catalysis proceeds by nucleophilic attack of 
a carboxylate oxygen of Asp124 (three-letter amino 
acid code) on the substrate, yielding a covalent 
alkyl--enzyme intermediate, in which the nucleophilic 
aspartate is esterified to a chloroethyl group [36"°,37"]. 
For this step, the presence of two tryptophan groups 
is essential since they form the halide binding site 
[38]. The intermediate is subsequently hydrolyzed. A
water molecule, activated by His289, attacks the car- 
bonyl carbon of the ester, releasing alcohol. The cat- 
alytic residues are arranged in a catalytic triad, with 
Asp260 providing the carboxylate that activates His289 
as a base catalyst. Site-directed mutagenesis studies and 
oxygen isotope incorporation experiments confirm the 
proposed mechanism [37°]. 
The X. autotrophicus strain that degrades 1,2-dichloro- 
ethane can be used for the treatment of contami- 
nated groundwater and waste gases. The substrate 
range of the organism is limited, however, by the 
range of compounds recognized by the dehaloge- 
nase. Several chlorinated compounds with a struc- 
ture similar to 1,2-dichloroethane cannot be de- 
graded because no useful dehalogenase for the ini- 
tial hydrolytic step has been discovered as yet. This 
includes compounds such as 1,1-dichloroethane, 1,1,1- 
trichloroethane, 1,1,2-trichloroethane, 1 2-dichloro- 
propane, and trichloropropanes. Furthermore, the ki- 
netics of the dehalogenase towards 1,2-dichloroethane 
are not very favourable, with a kca tof 6 s-1 and a K m of 
0.68mM. This directly influences the Monod constant 
of 1,2-dichloroethane d gradation, and thus the effi- 
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ciency of substrate removal in continuously operated 
reactors [39]. These properties et a number of inter- 
esting targets for modifying the dehalogenases towards 
improved activity with specific compounds. 
The role of ec/]3 hydrolase fold enzymes in biodegradation 
The structure and mechanism of haloalkane dehaloge- 
nase is shared with a group of enzymes commonly 
classified as 0t/~-fold hydrolases [3"]. In these en- 
zymes, the position of the active site residues that 
form the catalytic triad is conserved along the se- 
quence and follows the order nucleophile-charge re-
lay carboxylate-histidine, each separated by a variable 
number of other amino acids. Only the histidine is 
strictly conserved. The nucleophile may be an aspar- 
tate, a serine, or a cysteine. An aspartate is used for 
enzymes that catalyze nucleophilic substitution on a 
sp3 hybridized carbon atom. This includes dehaloge- 
nases [37"], but also epoxide hydrolases [11,37"]. The 
reason that these enzymes have an aspartate as the nu- 
cleophile is the requirement for the presence of a car- 
bow1 function in the covalent intermediate [34°,37"]. In 
proteolytic enzymes, triacylglyceride lipases, and diene 
lactone hydrolases [3",40,41], the carbonyl function is 
provided by the substrate. Several of the other ¢t/~ 
fold hydrolases are also bacterial enzymes involved 
in degradation of xenobiotic compounds, including 
aromatics, polychlorinated biphenyls, and haloalkanes 
[34"1. 
On the basis of considerable sequence similarity to 
haloalkane dehalogenase, two other hydrolytic dehalo- 
genases are expected to have a similar mechanism, 
namely the haloacetate dehalogenase (encoded by 
debH1) of Moraxella B [10] and the 1,3,4,6-tetrachloro- 
1,4-cyclohexadiene dehalogenase (encoded by linB) of 
Pseudomonas paucimobilis UT26 [9]. Diene lactone 
hydrolases are responsible for cleavage of the lac- 
tones formed after ring cleavage of chlorocatechols 
by the ortbo-cleavage route [41]. Hydroxymuconic 
aldehyde dehydrogenases are involved in the hydro- 
lytic conversion of semialdehydes produced by meta- 
cleavage of substituted catechols during the degrada- 
tion of toluene, xylenes and polyclorinated biphenyls 
[42,431. 
These et/13-hydrolase fold enzymes hare a similar main 
domain, composed of a large 13-sheet surrounded by 
~t-helices. In addition, they have different sequence 
excursions, often between [3-strand 5 and {z-helix 3, 
that form separate domains that influence substrate 
specificity [3"]. As such, the hydrolases are interest- 
ing targets for modifying the specificity and activ- 
ity of catabolic enzymes. Exchange of fragments or 
modification by site-directed mutagenesis of the cap 
domain may allow the construction of novel variants 
with new catalytic activities. We have recently observed 
that large insertions and deletions in the amino-termi- 
nal part of the cap domain can be selected in vivo in 
spontaneous mutants that utilize 1-chlorohexane as a 
growth substrate (F Pries, AJ Van den Wijngaard, R Bos, 
DB Janssen, unpublished ata). 
Other dehalogenating enzymes 
Various other bacterial enzymes involved in dehalo- 
genation reactions are known, and their properties 
have been reviewed recently [34°]. Reaction types in- 
clude hydration after formation of a coenzyme A ac- 
tivated derivative [44], glutathione substitution [45,46], 
monooxygenation f aromatic substrates, elimination 
of HC1 direct hydration, and a lyase type reaction 
of vic-haloalcohols [35]. Although considerable bio- 
chemical work has been done, protein engineering 
of these enzymes is still difficult because structural 
insight is limited. As yet, the X-ray structure of only 
glutathione transferase has been determined [47,48]. 
The sequence similarity to the bacterial dehalogenat- 
ing enzymes, however, is too limited to draw con- 
clusions about the structure of the binding site of the 
halogenated substrate. 
Methane monooxygenase 
Several bacterial monooxygenases that are involved 
in the initial oxidation of hydrocarbons can dehalo- 
genate chlorinated hydrocarbons by converting them 
to chemically unstable epoxides or gem-chloroalco- 
hols. The highest activity and broadest substrate range 
is shown by the soluble methane monooxygenase of 
methanotrophic bacteria. This enzyme catalyzes for- 
mation of epoxides from halogenated ethylenes, and 
dehalogenation f short chain halogenated alkanes is 
also observed. This makes methanotrophs promising 
biocatalysts for the removal of chlorinated pollutants 
from groundwater and air. Limitations for their appli- 
cation are the toxicity of degradation products, the ki- 
netics of substrate conversion (especially the relatively 
high K s value), the substrate range, and the fact that 
the enzyme is only expressed under copper limitation. 
However, mutants with constitutive xpression of the 
enzyme have been isolated [49]. Similar mutants have 
been isolated from Pseudomonas G4, another promis- 
ing candidate for trichloroethylene removal [50]. 
The biochemical properties and gene sequences of the 
enzymes from Methylosinus tHcbosporium and Methy- 
Iococcus capsulatus are very similar. They are hex- 
americ proteins ((~2~2Y2) with subunits of 60.6kDa 
((~), 45.0kDa (13), and 19.8kDa (y). The X-ray struc- 
ture of the M. capsulatus enzyme has recently been 
solved [8°°]. The catalytic sites are composed of a din- 
uclear iron centre and are located in the cx subunits. 
Each iron has a histidine, two glutamates, and a water 
molecule as ligands. In addition, two non-protein lig- 
ands are in the crystal structure, presumably a hydro- 
xyde and an acetate ion. The two iron atoms and the 
coordinating ligands line a buried internal cavity that 
is surrounded by hydrophobic residues. Since the cav- 
ity has no direct opening to the surface of the enzyme, 
dynamic motions must be required for entrance of sub- 
strates. Some insight into the catalytic mechanism also 
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comes from the sequence similarity to ribonucleotide 
reductase [12]. The position of the catalytic tyrosine in 
this enzyme, which is transformed to a tyrosyl radical 
during catalysis, is occupied by a cysteine in methane 
monooxygenase [8"]. 
The availability of an X-ray structure for methane 
monoxygenase makes it, in principle, feasible to con- 
struct specific nmtants of the enzyme that may have an 
altered kinetic performance. It is likely, however, that 
further kinetic and mechanistic insight is needed be- 
fore protein engineering towards specific properties is 
feasible. Useful goals would be to expand the substrate 
range to compounds that are hardly hydrolyzed by the 
present enzyme and to improve the kinetics of con- 
version of environmentally important substrates, uch 
as trichloroethylene and 1,1,1-trichloroethane. 
Cytochrome P450 
Cytochrome P450s form a broad group of mono- 
oxygenases that catalyze oxidation of a wide range 
of substrates. They are produced by some bacteria, 
yeasts, and by higher organisms, where they play a 
role in detoxification of xenobiotics, bioactivation re- 
actions, and metabolism of various endogenous com- 
pounds. Much work has been done to unravel the cat- 
alytic mechanism of these heme-containing enzymes 
[6]. Three-dimensional structures have so far been 
obtained only for two bacterial cytochrome P450s 
[6,51"]. In higher organisms, the enzymes are mem- 
brane bound, which makes their purification and crys- 
tallization difficult. 
The environmental relevance of cytochrome P450 is re- 
lated both to the wide range of reactions that it can 
perform and to its broad substrate range. This makes 
cytochrome P450 an interesting protein to engineer 
when constructing organisms that degrade chlorinated 
hydrocarbons. The enzyme from higher organisms can 
catalyze oxygen incorporation in various haloalkanes 
and haloalkenes, but this activity is low in the bac- 
terial enzymes. Under anaerobic onditions, the Pseu- 
domonas putida enzyme involved in camphor oxida- 
tion rapidly catalyzes dehalogenation by two-electron 
reduction and elimination [52]. 
The X-ray crystal structures of the camphor-oxidizing 
P. putida P450 [6] and the Bacillus megaterium P450 
that oxidizes fatty acids are now known [51°]. The 
Pseudomonas enzyme requires an FAD-containing re- 
ductase and an iron-sulphur redox protein for activi W. 
The Bacillus enzyme is more similar to the eukaryotic 
microsomal cytochrome P450. It combines the hydro- 
xylase and reductase functions in a single polypeptide 
chain that can be cleaved into a hydroxylase fragment 
of 55 kDa and an FAD and FMN containing hydroxy- 
lase domain. 
Recently, Paulsen et al. [53"'] have described a promis- 
ing combination of molecular dynamics and site- 
directed mutagenesis for modification of the activity 
of P. putida cytochrome P450. The hydroxylation of 
camphor is coupled to the reduction of NADH, which 
is only 12% efficient in the case of norcamphor. Un- 
coupling results from the movement of norcamphor, 
which is much smaller than camphor, in the active site 
of the enzyme [54]. Molecular dynamics predicted an 
increase in the coupling in a mutant carrying a tyro- 
sine 185 to phenylalanine substitution. Construction of 
this mutant showed, indeed, that the coupling for nor- 
camphor was doubled [53"']. Another study combined 
the knowledge gathered from molecular dynamics and 
static modelling of the unusual substrate thylbenzene 
in the active site of P450 [55]. On this basis, nmtants 
were constructed that had increased coupling and 
stereospecificities [56"]. The above studies show the 
strength of molecular dynamics and modelling com- 
bined with site-directed mutagenesis, and should be 
equally applicable for substrates of cytochrome P450 
that are of more environmental importance. 
Ligninase 
The white rot fungus Phanerochaete chrysosporium is 
capable of lignin degradation by extracellular lignin 
peroxidases and manganese peroxidases. The lig- 
nolytic enzymes also convert convert several chlori- 
nated polycyclic aromatic hydrocarbons [57,58]. Lig- 
ninases catalyze lignin breakdown by the formation 
of cation radicals that mediate chain radical reactions 
leading to cleavage of the lignin backbone. Hydrogen 
peroxide and a veratryl alcohol are used as the sub- 
strates [59,60]. During the reaction, a cation radical is 
generated that diffuses out of the active site and can 
react with various aromatic ompounds. This mecha- 
nism explains the broad substrate range of the enzyme 
and its potential in the degradation of complex organic 
molecules [61]. 
The X-ray structure of lignin peroxidase of P. chry- 
sosporium has been recently determined and refined 
[4",5,62]. The structure is similar to that of cyto- 
chrome c peroxidase, including the active-site regions. 
The active site contains both a histidine residue that 
accepts a proton from the peroxide and an arginine 
that facilitates O-O bond cleavage. A site where ve- 
ratryl alcohol can bind has also been identified [4"]. 
Veratryl alcohol is converted by the enzyme to an aryl 
cation radical and gains access to active site by a small 
opening from the active site to the solvent. 
As ligninase is an extracellular enzyme, it is particularly 
sensitive to environmental conditions in a waste treat- 
ment or bioremediation process. The availability of the 
X-ray structures will facilitate the development of en- 
zymes that are more stable under various process con- 
ditions. 
Aromatic dioxygenase 
Aromatic dioxygenases catalyze the initial steps in the 
degradation of monocyclic aromatic hydrocarbons and 
polychlorinated biphenyls. The limited activity of these 
enzymes to highly chlorinated biphenyls contributes to 
the environmental recalcitrance of these compounds. 
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The enzyme from Pseudomonas LB400, one of the 
most efficient biphenyl degraders, is an octamefic pro- 
tein composed of 33.2 kDa subunits [63]. It inserts two 
oxygen atoms of molecular oxygen into biphenyls 
to produce 2,3-dihydrodiols. The substrate range of 
biphenyl dioxygenases influences the range of com- 
pounds that can be degraded by a biphenyl-degrading 
organism [64]. Erickson and Mondello [14"'] have re- 
cently engineered an enhanced biphenyl dioxygenase. 
On the basis both of sequence comparison and of dif- 
ferences in activities between the Pseudomonas LB400 
and the Pseudomonas p eudoalcaligenes KF707 en- 
zymes, they replaced four residues of the LB400 dioxy- 
genase subunit with corresponding residues from the 
KF707 d ioxygenase .  The result ing eng ineered  enzyme 
showed the broad  substrate range of  LB400 d ioxyge-  
nase combined  wi th  the better  activity of  the KF707 
enzyme for doub le  para -subst i tu ted  congeners .  The  
substrate range o f  the to luene  d ioxygenase  has a lso 
been  mod i f ied  by  random mutagenes is ,  fo l lowed by  
selection [65] (see this issue, pp  249-252). 
Conclusions 
The deve lopment  o f  genet ic  eng ineer ing ,  and the in- 
creas ing number  o f  known three-d imens iona l  struc- 
tures, has opened the possibi l i ty of  eng ineer ing  en-  
zymes  wi th  improved  appl icabi l i ty  in env i ronmenta l  
b io techno logy .  The  number  of  successes is still very  
small, but  the prospect  is certainly there. When de-  
tai led structural  in format ion  is lacking, recombinant  
proteins can, instead,  be  const ructed  on  the basis o f  
predict ions made by compar i son  o f  catalytic activit ies 
and sequences  o f  re lated enzymes .  Even  w i thout  this 
informat ion,  the  per fo rmance  of  biocatalysts may be  
improved  by construct ing eff ic ient se lect ion systems in 
wh ich  the des i red  mod i f ied  enzymes  can be sc reened 
or  iso lated on  the  basis o f  a select ive growth  advan-  
tage. The  s impl ic i ty of  the last approach  wil l  make  it 
the method  of  cho ice  in many  cases where  structural 
in format ion  is not  yet avai lable.  
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